Introduction {#section1-1178646920928984}
============

The 'gut-brain axis' represents a complex network of pathways interconnecting the gut and the brain, comprising the central nervous system (CNS), the sympathetic and parasympathetic branches of the autonomic nervous system (ANS), the enteric nervous system (ENS), as well as the wide array of cells in the gastrointestinal microenvironment.^[@bibr1-1178646920928984],[@bibr2-1178646920928984]^ In the last decades, accruing evidences have led to the hypothesis that the gut saprophytic microflora may participate to this bidirectional communication system giving rise to the concept of a microbiota-gut-brain axis.^[@bibr1-1178646920928984],[@bibr3-1178646920928984],[@bibr4-1178646920928984]^ Along these pathways, neuronal, immune, hormonal, and metabolic mechanisms which are generated by both eukaryote cells of the host and prokaryotes participate to an interkingdom communication system.^[@bibr1-1178646920928984],[@bibr4-1178646920928984],[@bibr5-1178646920928984]^ The microbiota may directly or indirectly affect the local production of metabolites, controlling metabolic functions, immunity responses, and the defence against pathogenic microorganisms in the gut, thus establishing a mutually beneficial relationship with the host. An exciting emerging issue is that the extension of this microbial influence to the CNS may contribute to the regulation of brain development and behaviour.^[@bibr6-1178646920928984],[@bibr7-1178646920928984]^ In this perspective, it is obvious that alterations in the symbiotic cross-talk between the microbiota and the host may bear important consequences, underlying development of both gastrointestinal and brain disorders.^[@bibr1-1178646920928984],[@bibr7-1178646920928984],[@bibr8-1178646920928984]^

The possibility to clarify the mechanisms controlling host homeostasis along the microbiota-gut-brain axis is thus fundamental and different molecular pathways are now explored. Among different potentially neuroactive molecules, those deriving from tryptophan metabolism are of outstanding neurobiological interest.^[@bibr9-1178646920928984],[@bibr10-1178646920928984]^ The importance of tryptophan metabolites in the modulation of the gastrointestinal function is, indeed, suggested by several preclinical and clinical studies; however, a thorough revision of the available literature has not been accomplished yet. Thus, this review attempts to cover the major aspects concerning the role of gut tryptophan metabolites in the maintenance of gut homeostasis in health conditions. We also consider preclinical and clinical studies examining the involvement of tryptophan metabolites in the generation of microbiota-gut-brain axis signalling underlying major gut disorders such as irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD), both characterized by psychiatric disorders. Research in this field allows to target tryptophan-generated metabolic pathways for the discovery of new potential therapeutic tools addressed to the treatment of IBS and IBD, which are characterized by important CNS disorders.^[@bibr11-1178646920928984],[@bibr12-1178646920928984]^

The Gut Microbiota {#section2-1178646920928984}
==================

The gastrointestinal tract is harboured by a complex community of microbial species (bacteria, virus, archaea, fungi, and protozoa), defined as 'gut microbiota', which establishes a mutual interaction with the host body.^[@bibr13-1178646920928984]^ The cross-talk between the host and its microbiota is important for achieving and maintaining host homeostasis, as the saprophytic microflora plays a central role in regulating physiological functions associated with nutrition, immune system activation, and defence of the host.^[@bibr14-1178646920928984]^ The interaction between the microbiota and the host may be influenced by important changes in the microflora composition during the lifespan.^[@bibr4-1178646920928984]^ The earliest bacterial signature appears already during foetal stages as *Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes*, and *Fusobacteria* phyla have been identified in the placenta.^[@bibr15-1178646920928984]^ At birth, the composition of the microflora depends on the delivery method, and during early postnatal-life, the microbial community may be modified by different nutritional factors such as human breast or formula milk feeding or weaning to solid food.^[@bibr16-1178646920928984]^ The establishment of a healthy and stable microbiota in the first 3 years of life is crucial for the host metabolism and immune and nervous system development.^[@bibr17-1178646920928984],[@bibr18-1178646920928984]^ In adulthood, the saprophytic microflora becomes less variable,^[@bibr19-1178646920928984],[@bibr20-1178646920928984]^ although genetics, sex, lifestyle, or antibiotics treatment may influence its composition, selecting more adapted bacterial species.^[@bibr21-1178646920928984],[@bibr22-1178646920928984]^ The more representative bacteria phyla of healthy human adult microflora are *Firmicutes, Bacteroidetes, Actinobacteria*, and *Verrucomicrobia*, even though the *Firmicutes/Bacteroidetes* ratios vary between individuals.^[@bibr17-1178646920928984],[@bibr23-1178646920928984]^ The distribution of the gut microbiota displays differences along the gastrointestinal tract with increasing heterogeneity of bacterial community from oral regions to the distal colon and from the mucosal to luminal layer. Physiological changes and the increased incidence of diseases, in particular gastrointestinal disorders, may drastically alter the microbial composition during ageing, with an increasing abundance in *Bacteroidetes* with respect to *Firmicutes*.^[@bibr24-1178646920928984][@bibr25-1178646920928984][@bibr26-1178646920928984]-[@bibr27-1178646920928984]^

Accruing interest is emerging on the existence of an interkingdom communication system between the microbiota and the host. Bacteria harbouring the human gut produce many compounds impacting on the host, such as organic acids, bile salts, vitamins, gas, toxins, and virulence factors.^[@bibr28-1178646920928984],[@bibr29-1178646920928984]^ On the other side, the gut represents the best nutritional environment to allow bacterial growth. In this mutual interaction, while human molecules are well-known and characterized, prokaryotic products have been increasingly investigated as possible contributors to the regulation of several metabolic, immune, and nervous responses in the host.^[@bibr1-1178646920928984]^ Short-chain fatty acids (SCFAs) derived from the fermentation of dietary fibres in the colon,^[@bibr30-1178646920928984]^ bile acids produced in the liver and transformed in the gut lumen by the microbiota, and tryptophan metabolites exert different gastrointestinal and peripheral effects.^[@bibr1-1178646920928984],[@bibr31-1178646920928984]^ For example, bacterial metabolites such as SCFA, polyamine (ie, putrescine, spermidine, spermine), and aryl hydrocarbon receptor ligands, as well as molecular bacterial components, such as lipopolysaccharide (LPS), lipoteichoic acid, peptidoglycan, flagellin, formyl peptides, and unique nucleic acid structures, influence the host immune responses.^[@bibr32-1178646920928984]^ It is now evident that the effect of bacterial components and metabolites, released at the gut level, may influence more distant sites, including the brain.^[@bibr4-1178646920928984],[@bibr6-1178646920928984]^ Furthermore, overabundance of virulence factors (ie, pigments, proteases, nuclease, toxins, haemophores) represents a family of bacterial molecules harmful for the host health.^[@bibr33-1178646920928984]^ This review focuses on the most recent studies regarding the role of tryptophan metabolites as an important emerging class of compounds involved in the host microbiota cross-talk, with a particular emphasis to their involvement in the regulation of gut functions in healthy conditions and during disease states, such as IBD and IBS.

The Microbiota-Gut-Brain Axis {#section3-1178646920928984}
=============================

The existence of a gut-brain axis, allowing a constant cross-talk between the gut and the brain, both in health and disease conditions, via complex neuronal, hormonal, and immune reflexes has been proposed in the last few decades ([Figure 1](#fig1-1178646920928984){ref-type="fig"}).^[@bibr34-1178646920928984],[@bibr35-1178646920928984]^ This bidirectional communication system drives sensory signals from the gut to the CNS, allowing the regulation of reflex activity and mood states. In turn, signals from the brain may influence motor, secretory, and immune gut functions.^[@bibr35-1178646920928984],[@bibr36-1178646920928984]^

![Schematic representation of the interplay occurring between Trp metabolites and different sections of the microbiota-gut-brain axis. The gut saprophytic microflora can signal to the CNS and to the ENS via endocrine, immune, metabolic, and neuronal pathways detailed in the text. In normal conditions, the blood-brain barrier allows the access of tryptophan and kynurenines, but not of circulating 5-HT, which is synthesized from tryptophan in the brain. ACTH indicates adenocorticotrophin hormone; DRG, dorsal root ganglion; EC, enterochromaffin cells; ECC, enteroendocrine cell; IPAN, intrinsic primary afferent neurons; MP, myenteric plexus; NTS, nucleus of the solitary tract; NVG, nodose vagal ganglion; SCFA, short-chain fatty acid; SMP, submucosal plexus.\
Source: adapted from Baj et al.^[@bibr1-1178646920928984]^](10.1177_1178646920928984-fig1){#fig1-1178646920928984}

Afferent and efferent neuronal pathways, proceeding through the parasympathetic (vagal) and sympathetic (splanchnic and pelvic spinal pathways) branches of the ANS, represent the main neuronal connections. Vagal afferents, whose soma is present in the nodose vagal ganglion (NVG), transmit sensory information regarding the presence of food, motor activity, and degree of gut distension to the nucleus of the solitary tract (NTS) in the brain stem.^[@bibr36-1178646920928984]^ Neuronal inputs are then directed to higher CNS areas, for example, in the hypothalamus, or participate in long vago-vagal reflexes.^[@bibr36-1178646920928984],[@bibr37-1178646920928984]^ Efferent vagal signals, passing through the dorsal motor nucleus of the vagus (DMV), control gut motility and secretion.^[@bibr36-1178646920928984],[@bibr37-1178646920928984]^ Afferent spinal neurons of the sympathetic branch, whose soma are present in the dorsal root ganglia (DRG), transfer signals originating from the gut to secondary afferent neurons in the dorsal horn, which then project to the CNS via spinothalamic pathways, representing the main pain signalling pathways in the gut-brain axis.^[@bibr37-1178646920928984]^ Efferent sympathetic neurons have their cell bodies in the *tractus intermediolateralis* of the spinal cord, and synapse in the pre-vertebral ganglia with fibres impinging on vagal connections and on enteric neurons, to inhibit both gut secretion and motility.^[@bibr38-1178646920928984]^ Vagal and spinal afferent inputs synapse with higher brain regions, such as the emotional motor system, consisting in the limbic system and in some paralimbic structures (including the medial prefrontal cortex, amygdala, and hypothalamus).^[@bibr37-1178646920928984],[@bibr39-1178646920928984]^ At a peripheral level, the ENS, a complex neuronal network innervating the gastrointestinal tract, receives and transmits inputs to and from the ANS, representing a fundamental component of the bidirectional communication gut-brain axis.^[@bibr40-1178646920928984],[@bibr41-1178646920928984]^ An important hormonal player in the regulation of several functions along the brain-gut axis is represented by the hypothalamic-pituitary adrenal (HPA) axis. Hypothalamic-pituitary adrenal axis activation is primed by the release of corticotrophin-releasing factor (CRF) from the hypothalamus, followed by the release of adenocorticotrophin hormone (ACTH) from the pituitary, which then stimulates the adrenal glands to produce cortisol. The HPA axis is involved in the modulation of the gut motility, visceral sensation, and permeability, particularly during stress conditions.^[@bibr2-1178646920928984],[@bibr39-1178646920928984]^

In more recent years, several preclinical and clinical studies have highlighted the fundamental influence that the enteric microbiota exerts on the gut-brain axis, which is now renamed 'microbiota-gut-brain axis'.^[@bibr35-1178646920928984],[@bibr42-1178646920928984]^ Although the exact mechanism/s of communication between the saprophytic microflora and the host have not yet completely understood, there are indications that microbes in the gut can directly stimulate afferent sensory neurons.^[@bibr43-1178646920928984]^ The probiotic *Lactobacillus reuteri* was shown to modulate gut motility as well as pain perception enhancing afferent excitability by the inhibition of calcium-dependent potassium channels.^[@bibr44-1178646920928984]^ Furthermore, alterations in the microbial composition and metabolomics have been correlated with altered neurotransmitter expression both in the CNS and in enteric neuronal pathways controlling gut sensory-motor functions.^[@bibr45-1178646920928984],[@bibr46-1178646920928984]^ A paradigmatic example is constituted by the ability of bacterial SCFAs to influence the production of different enteric neuropeptides by enteroendocrine cells (EECs), which, by diffusing through the lamina propria, gain access to the bloodstream and/or to local receptors, thus affecting intrinsic ENS neurons or extrinsic vagal innervation.^[@bibr47-1178646920928984],[@bibr48-1178646920928984]^ Furthermore, it is now ascertained that microbial metabolism may provide different precursors involved in biosynthetic pathways of classic neurotransmitters and/or neuromodulators, such as catecholamines (dopamine, noradrenaline, adrenaline), gamma amino butyric acid (GABA), and glutamic acid.^[@bibr1-1178646920928984],[@bibr49-1178646920928984],[@bibr50-1178646920928984]^ In addition, the gut microbiota, by direct or indirect control of tryptophan metabolism, contributes to the synthesis of a plethora of neuroactive molecules such as serotonin (5-HT), kynurenines, tryptamine, and indolic compounds, with important physiological roles in the control of gut-brain axis signaling^[@bibr9-1178646920928984],[@bibr10-1178646920928984],[@bibr51-1178646920928984]^ ([Figure 1](#fig1-1178646920928984){ref-type="fig"}).

Tryptophan metabolism along the microbiota-gut-brain axis {#section4-1178646920928984}
---------------------------------------------------------

Tryptophan is an aromatic amino acid containing an indolic group attached to an alanyl side chain. The aminoacid is essential for animals and humans, which prevalently derive it from exogenous sources, such as dietary nutrient intake, and, only in part, from endogenous protein degradation.^[@bibr52-1178646920928984]^ The main dietary sources of tryptophan are chocolate, cereals milk, milk derivates, red meat, poultry, eggs, fish, and dried fruits. The free form of the amino acid is also contained in breast milk, playing an important role for the infant postnatal development.^[@bibr53-1178646920928984]^ The minimum daily requirement for adults is suggested to be about 250 to 425 mg a day.^[@bibr54-1178646920928984]^ In contrast to animals and humans, bacteria and plants produce high amounts of tryptophan from shikimic acid or anthranilate, and this ability has been exploited to obtain medically important indolic products.^[@bibr55-1178646920928984]^ The saprophytic microflora is not able to supply substantial amounts of tryptophan to humans, although some strains, such as *Escherichia coli*, were shown to produce the amino acid.^[@bibr10-1178646920928984]^ Tryptophan released from dietary proteins is absorbed through the intestinal epithelium and enter the blood circulation where it is present in an albumin-bound form and in a free form, this latter being fundamental for protein synthesis, thus sustaining body homeostasis and health.^[@bibr52-1178646920928984]^ In the gut, the amino acid may be also metabolized, under direct or indirect control by the microbiota,^[@bibr9-1178646920928984],[@bibr10-1178646920928984]^ giving origin to several compounds, such as 5-HT, kynurenines, tryptamine, and indolic compounds, which participate in the microbiota-gut-brain communication^[@bibr9-1178646920928984],[@bibr10-1178646920928984],[@bibr56-1178646920928984],[@bibr57-1178646920928984]^ ([Figure 2](#fig2-1178646920928984){ref-type="fig"}). Degradation of tryptophan by the microflora appears not to be exclusively localized in the distal colon, where the bacterial proteolytic activity is highest, but occurs also in more oral regions of the gastrointestinal tract, as suggested for *Lactobacilli*-mediated tryptophan catabolism in the mouse stomach and ileum.^[@bibr58-1178646920928984]^

![Overview of tryptophan metabolism. Schematic representation of the major tryptophan metabolic routes yielding 5-HT, kynurenines, and indole derivatives/AhR pathways.](10.1177_1178646920928984-fig2){#fig2-1178646920928984}

### Kynurenine and its derivatives {#section5-1178646920928984}

Under normal conditions, about 90% of the assumed tryptophan is catabolized and transformed into kynurenine through the kynurenine pathway, while approximately 3% is metabolized into 5-HT, and the remaining is degraded by the gut microbiota to produce indole and its derivatives.^[@bibr59-1178646920928984]^ The kynurenine pathway represents, therefore, the main tryptophan degradation pathway, leading to the formation of a large number of products ([Figure 2](#fig2-1178646920928984){ref-type="fig"}). The biologically active form of the aminoacid, [l]{.smallcaps}-tryptophan, is converted by either tryptophan 2,3-dioxygenase (TDO) or indoleamine 2,3-dioxygenase (IDO-1 or IDO-2) into N′-formyl kynurenine, which is further hydrolysed to kynurenine by N′-formyl kynurenine formamidase.^[@bibr60-1178646920928984]^ The expression of TDO and IDO is tissue and function specific, the first being mostly expressed in the liver,^[@bibr61-1178646920928984]^ while the second in extrahepatic tissues, including the intestine^[@bibr62-1178646920928984]^; IDO-1 expression is enhanced by the presence of inflammatory mediators, such as interferon (IFN)-α and IFN-γ, TNF-α, and LPS.^[@bibr63-1178646920928984][@bibr64-1178646920928984]-[@bibr65-1178646920928984]^ TDO expression is regulated at a transcriptional level by glucocorticoids such as cortisol, involving the *de novo* synthesis of the enzyme. In addition, TDO activity is also indirectly activated by tryptophan through the promotion of reactive oxygen species (ROS) production.^[@bibr66-1178646920928984]^

Kynurenine can undergo further metabolic pathways yielding a plethora of biologically active molecules.^[@bibr49-1178646920928984],[@bibr67-1178646920928984],[@bibr68-1178646920928984]^ In normal conditions, kynurenine is hydroxylated by kynurenine hydroxylase to 3-hydroxykynurenine, which is further converted to 3-hydroxyanthranilic acid and, then, to 2-amino-3-carboxymuconate-6-semialdehyde (ACMS). ACMS is a highly reactive molecule that can undergo nonenzymatic cyclization to form quinolinic acid, which may further yield NAD^+^, an important end product of kynurenine.^[@bibr69-1178646920928984]^ Under specific conditions, ACMS may be enzymatically converted to 2-aminomuconic-6-semialdehyde that undergoes either nonenzymatic cyclization to form picolinic acid or enzymatic transformation to 2-aminomuconic acid, yielding acetylCoA.^[@bibr60-1178646920928984]^ Other branches of kynurenine metabolism lead to the production of either anthranilic acid or kynurenic acid by the enzymes kynunerinase A and kynureninase aminotransferase, respectively. In normal conditions, the levels of these kynurenine are low but may raise under tryptophan or kynurenine loading and are influenced by vitamin B6 availability^[@bibr70-1178646920928984]^ ([Figure 2](#fig2-1178646920928984){ref-type="fig"}).

From a functional view point, metabolites of the kynurenine pathway, collectively called kynurenines, in particular quinolinic acid and kynurenic acid, may influence neuronal activity both in the CNS and in the periphery, retaining neurotoxic and neuroprotective properties, respectively.^[@bibr67-1178646920928984],[@bibr71-1178646920928984],[@bibr72-1178646920928984]^ In this perspective, an unbalanced kynurenine metabolism has been suggested to underlay development of microbiota-gut-brain axis disorders.^[@bibr67-1178646920928984],[@bibr71-1178646920928984],[@bibr72-1178646920928984]^ In normal conditions, kynurenic acid and quinolinic acid do not cross the blood-brain barrier (BBB) in considerable amounts.^[@bibr73-1178646920928984]^ The BBB is, however, permeable to kynurenine, which is principally transformed into kynurenic acid in astrocytes and in quinolinic acid in the microglia. Quinolinic acid may act as an excitotoxin both in the peripheral and CNS, due to its agonist properties at ionotropic glutamatergic N-methyl-[d]{.smallcaps}-aspartate (NMDA) receptors.^[@bibr74-1178646920928984]^ Quinolinic acid increases extracellular glutamate levels and acts synergistically with the amino acid to induce NMDA-mediated excitotoxicity.^[@bibr75-1178646920928984][@bibr76-1178646920928984]-[@bibr77-1178646920928984]^ The consequent intracellular Ca^2+^ overload may trigger a cascade of dangerous events, including activation of protein kinases, phospholipases, nitric oxide synthase, protease, mitochondrial alterations, formation of ROS and reactive nitrogen species (RNS), lipid peroxidation, and cytoskeletal destabilization, ultimately leading to apoptotic or necrotic cell death.^[@bibr78-1178646920928984]^ A growing body of evidence suggests that quinolinic acid may participate in the pathophysiology of several psychiatric and neurodegenerative disorders.^[@bibr79-1178646920928984][@bibr80-1178646920928984][@bibr81-1178646920928984]-[@bibr82-1178646920928984]^ In contrast, kynurenic acid is considered to be neuroprotective, acting as an antagonist at NMDA receptors both in the CNS and in the ENS.^[@bibr71-1178646920928984],[@bibr72-1178646920928984],[@bibr83-1178646920928984]^ In addition, kynurenic acid is also an antagonist at the α nicotinic receptors and acts as an agonist with the G-protein-coupled receptor, GPR35.^[@bibr84-1178646920928984],[@bibr85-1178646920928984]^ The microbiota may affect host kynurenine production by influencing both the glucocorticoid-induced activity of TDO^[@bibr86-1178646920928984]^ and the immune system--dependent activity of IDO.^[@bibr87-1178646920928984]^ When the microbiota is completely absent, such as in germ-free (GF) rodents, or when the microflora composition is altered by antibiotic-induced dysbiosis, tryptophan plasma levels increase leading to a reduction in the kynurenine-to-tryptophan ratio, as a consequence of IDO and TDO activity changes.^[@bibr88-1178646920928984][@bibr89-1178646920928984][@bibr90-1178646920928984]-[@bibr91-1178646920928984]^ Interestingly, the altered kynurenine-to-tryptophan ratio may be restored to normality after administration of probiotics such as *Bifidobacterium infantis*.^[@bibr91-1178646920928984]^ Microbiota-derived metabolites, such as SCFAs, affect IDO activity and kynurenine production,^[@bibr92-1178646920928984]^ while hydrogen peroxide produced by *Lactobacillus johnsonii* reduces circulating kynurenine levels in vivo in rats, as well as IDO activity in HT-29 intestinal epithelial cells.^[@bibr93-1178646920928984],[@bibr94-1178646920928984]^

As the microbiota impacts on both the integrity of the BBB as well as on microglia and astrocytes maturation and function, an important issue, which remains to be clear-cut elucidated yet, concerns the ability of the saprophytic microflora to influence kynurenine synthesis in the CNS, particularly in the early developmental stages, as prenatal inhibition of kynurenine pathways induced changes of synaptic transmission and protein expression in the CNS which were associated with cognitive alterations in the adult offspring.^[@bibr95-1178646920928984][@bibr96-1178646920928984]-[@bibr97-1178646920928984]^

### 5-HT {#section6-1178646920928984}

In humans, the gastrointestinal tract represents the main source of 5-HT (about 95% of all body sources) where the biogenic amine is released from enterochromaffin cells (ECs) of the mucosa and from myenteric neurons. In the gut, 5-HT is important for its hormonal and neuronal actions and is implicated in the control of mucosal secretion, absorption of nutrients, vasodilator, motor, and sensory functions, including perception of pain and nausea.^[@bibr98-1178646920928984],[@bibr99-1178646920928984]^ A small amount of tryptophan (3%) is used for the production of enteric 5-HT, which involves the activation of the key enzyme tryptophan hydroxylase (TPH). Two homologous isoenzymes, TPH1 and TPH2, have been characterized, TPH1 is mostly expressed in the gut, while TPH2 is localized in the brain.^[@bibr100-1178646920928984]^ As the BBB is not permeable to the biogenic amine, TPH2 is fundamental for the brain synthesis of 5-HT from free circulating tryptophan.^[@bibr49-1178646920928984],[@bibr101-1178646920928984]^ In the CNS, 5-HT is involved in the modulation of mood, behaviour, and cognitive functions and changes in the serotoninergic transmission underlay development of psychiatric disorders, including major depression and schizophrenia.^[@bibr102-1178646920928984]^ Further metabolic reactions downstream to 5-HT include its conversion by monoamine oxidase (MAO) into 5-hydroxy-3-indole acetaldehyde, which after successive enzymatic transformations yields melatonin^[@bibr103-1178646920928984]^ ([Figure 2](#fig2-1178646920928984){ref-type="fig"}). 5-HT exerts its effects both in the gut and in the CNS via activation of serotoninergic receptors subdivided into 7 families, from 5-HT~1~ to 5-HT~7~, with 5HT~3~ and 5HT~4~ being the most represented in the gastrointestinal tract. Except for 5-HT~3~ receptor, which is a ligand-gated Na^+^ and K^+^ cation channels, all these receptor families consist of metabotropic G protein-coupled receptors.^[@bibr104-1178646920928984]^

The microbiota has been proposed to take part in the regulation of 5-HT gut levels. Bacterial strains, such as *Lactococcus lactis subsp. cremoris, Lactobacillus lactis subsp. lactis Lactobacillus plantarum (FI8595), Streptococcus thermophilus, Escherichia coli K-12, Morganella morganii, Klebsiella pneumoniae*, and *Hafnia alvei*, were shown to produce 5-HT in vitro from tryptophan.^[@bibr105-1178646920928984][@bibr106-1178646920928984]-[@bibr107-1178646920928984]^ There are also studies suggesting that gut bacteria may influence in vivo 5HT gut levels by controlling the amine biosynthesis, metabolism, and transport.^[@bibr108-1178646920928984][@bibr109-1178646920928984]-[@bibr110-1178646920928984]^ In the lumen of the cecum and colon of GF mice, 5-HT levels were significantly lower than in mice colonized with specific pathogen free (SPF) or with faecal flora (ex-GF).^[@bibr109-1178646920928984]^ Recolonization was followed by an increase in the concentration of free unconjugated, biologically active 5-HT, suggesting that bacteria sustain the accumulation of free luminal 5-HT by promoting the deconjugation of glucuronide-conjugated 5-HT.^[@bibr109-1178646920928984]^ Microbiota metabolites concur to modulate 5-HT production in the gut. In ex-GF mice colonized with human gut microbiota, colonic TPH1 mRNA and protein levels as well as the amount of intraluminal 5-HT enhanced with respect to corresponding GF animals.^[@bibr108-1178646920928984]^ Incubation of a human cell line of EC cells with SCFAs enhanced the levels TPH1 mRNA.^[@bibr108-1178646920928984]^ In addition, microbiota-derived secondary bile acids have been shown to regulate 5-HT synthesis in the host via a G protein-coupled receptor, TGR5.^[@bibr111-1178646920928984]^ There are studies suggesting that microbiota-driven changes of 5-HT gut levels may influence the gut-brain communication. For example, in a transgenic mouse model of autism spectrum disorders, 5-HT gut levels were significantly lower than in the corresponding controls and significantly correlated with the abundance of bile-metabolizing *Bifidobacterium* and *Blautia*.^[@bibr112-1178646920928984]^

### Microbiota-derived tryptophan metabolites {#section7-1178646920928984}

The amount of intestinal tryptophan, which is not conveyed into the systemic circulation after absorption, may be locally transformed by different gut microbial species into a variety of catabolites, via various metabolic pathways ([Figure 2](#fig2-1178646920928984){ref-type="fig"}).^[@bibr58-1178646920928984]^ In the *Firmicutes* phylum, *Clostridium sporogenes* and *Ruminococcus gnavus* convert tryptophan into tryptamine, a biogenic amine structurally similar to 5-HT, by activation of tryptophan decarboxylases (TrpDs).^[@bibr113-1178646920928984]^ Interestingly, in GF mice, the gut levels of tryptamine are reduced suggesting that the microbiota is fundamental for tryptophan decarboxylation to tryptamine.^[@bibr114-1178646920928984]^ Although TrpD activity is remarkably rare among bacteria, metagenomic data demonstrate that at least 10% of the human population harbours at least one bacterium encoding the enzyme.^[@bibr113-1178646920928984]^ For example, tryptamine producing *Ruminococcus gnavus* is a common species of the gut microbiota found in around 90% of adults^[@bibr115-1178646920928984]^ and infants.^[@bibr116-1178646920928984]^ This is all the more interesting since tryptamine has an important role in maintaining gut homeostasis.^[@bibr58-1178646920928984]^

The gut microbiota has also a fundamental role in the transformation of tryptophan into indole and its derivatives, such as indole-3-aldehyde (IAld), indole-3-acetic acid (IAA), indole-3-propionic acid (IPA), indole-3-acetaldehyde (IAAld), and indoleacrylic acid.^[@bibr58-1178646920928984]^ Indolic compounds represent inter-species and inter-kingdom class of signalling molecules, which contribute to control different aspects of bacterial physiology, such as sporulation, biofilm formation, and antibiotic resistance, and may also support maintenance of epithelium integrity and of the gut immune functions in the host.^[@bibr10-1178646920928984]^ Indolic compounds are produced by the enzyme tryptophanase (TnaA) expressed in a large number of microorganisms, including *Escherichia coli, Proteus vulgaris, Paracolobactrum coliforme, Achromobacter liquefaciens*, and *Bacteriodes spp. Escherichia coli*, and possesses 3 permeases for tryptophan transport and produces indole metabolites as by-products of the amino acid metabolism to obtain carbon and nitrogen.^[@bibr117-1178646920928984]^ In *Lactobacillus reuteri* and *Lactobacillus johnsonii*, an aromatic amino acid transferase catalyses the production of IAld,^[@bibr118-1178646920928984]^ while some *Lactobacillus, Bacteroides*, and *Clostridium* spp. convert IAA acid into skatole, which can affect the growth and reproduction of several bacteria, including *Salmonella, Shigella*, and *Escherichia*.^[@bibr119-1178646920928984][@bibr120-1178646920928984]-[@bibr121-1178646920928984]^ *Clostridia* are also able to catabolize tryptophan to indole pyruvic acid, which is then converted to IAA.^[@bibr122-1178646920928984]^ Indoles are natural ligands of the aryl hydrocarbon receptor AhR, a transcription factor with an important role in the maintenance of host homeostasis.^[@bibr123-1178646920928984]^ AhR is present in an inactive form in the cytoplasm and translocates into the nucleus after binding to its ligands, consisting in dietary components, xenobiotics, and bacterial metabolites.^[@bibr10-1178646920928984],[@bibr123-1178646920928984]^ In the nucleus, the activated form of AhR binds to the aryl hydrocarbon receptor nuclear translocator (ARNT) inducing the expression of genes containing specific DNA enhancer sequences, called aryl hydrocarbon response elements (AhREs), which codify for enzymes implicated in xenobiotic metabolism and in detoxification of carcinogenic polycyclic aromatic hydrocarbons.^[@bibr123-1178646920928984]^ The physiologic role of AhR in the host seems, however, to expand to the control of several other functions including the modulation of epithelial cell turnover and the immune response immune at the gut level.^[@bibr124-1178646920928984]^

The availability of methods for the determination of concentrations of microbial tryptophan catabolites in human biological specimens is rather limited; however, available data suggest that the indole is the most abundant microbial tryptophan catabolite, followed by IAA and IPA.^[@bibr125-1178646920928984],[@bibr126-1178646920928984]^ More efforts are needed to correlate the abundances of bacterial species with concentrations of tryptophan catabolites as well as to compare metabolite concentrations across biological compartments (ie, faeces, blood, and urine) and between different human populations.^[@bibr58-1178646920928984]^

The Interplay Between the Gut Microbiota and the Enteric Environment: Role of Tryptophan Metabolites {#section8-1178646920928984}
====================================================================================================

The following paragraphs will give a concise description of the main evidences demonstrating the physiological relevance of tryptophan metabolites in the interplay occurring between the gut microbiota and the enteric microenvironment. The enteric microenvironment is constituted by different cell types, including enterocytes, EECs, neurons, enteric glial cells, smooth muscle cells, and immune cells, which receive and send signals from and to the microbial flora ([Figure 1](#fig1-1178646920928984){ref-type="fig"}).^[@bibr1-1178646920928984]^ Indeed, this cross-talk is fundamental in the regulation of the bidirectional communication along the microbiota-gut-brain axis.

Epithelial barrier {#section9-1178646920928984}
------------------

The monostratified intestinal epithelium is the widest mucosal surface in the human body, contributing to separate the host organism from the outer environment, thus supporting the host health. The epithelial barrier restricts the contact of luminal microbes with the underlying intestinal tissue by secreting a protective viscous mucus layer from specialized goblet cells. In addition, enterocytes expresse tight-junction proteins (such as occludin, junctional adhesion molecule, and claudin family members that interact with cytoplasmic linker proteins, such as zonula occludens-1, ZO-1) which strengthen the barrier function against bacteria and antigens contained in the lumen.^[@bibr127-1178646920928984]^ The gut microbiota supports the intestinal barrier function by favouring enterocyte proliferation, enhancement of epithelial cell integrity, via translocation of tight-junction proteins, and by upregulating gene expression involved in desmosome maintenance.^[@bibr23-1178646920928984],[@bibr128-1178646920928984]^ Germ-free (GF) animals display a reduced intestinal surface area, slower epithelial cell turnover, and increase EC cell area and smaller villous thickness, with respect to their conventional controls.^[@bibr129-1178646920928984]^ *Bifidobacterium* and *Lactobacillus* species enhance the survival of gut epithelial cells by inhibiting pro-apoptotic pathways associated with pathogenic bacteria.^[@bibr130-1178646920928984][@bibr131-1178646920928984]-[@bibr132-1178646920928984]^ Among the different microbiota-derived tryptophan metabolites, indolic compounds are relevant for the regulation of bacterial motility and for the formation of the biofilm, a multicellular structure generated through the expression of extracellular adhesion factors, which prevents the invasion of non-indole producing pathogenic bacterial species, such as *Salmonella enterica* and *Pseudomonas aeruginosa*.^[@bibr133-1178646920928984][@bibr134-1178646920928984][@bibr135-1178646920928984]-[@bibr136-1178646920928984]^ In *Lactobacillus reuteri* and *Lactobacillus johnsonii*, an aromatic amino acid transferase catalyses the production of IAld, which contributes to the maintenance of intestinal homeostasis by preventing the colonization of pathogenic microorganisms (such as *Candida albicans*) and by weakening inflammatory responses.^[@bibr118-1178646920928984]^ Both in vitro and in vivo studies have shown that indole increases the stability of the barrier functions by inducing the expression of genes involved in maintenance of epithelial cell structure and function.^[@bibr137-1178646920928984],[@bibr138-1178646920928984]^ Indole acrylic acid produced by different *Peptostreptococcus* spp may favour the epithelial barrier function and reduces inflammatory responses in mice by promoting goblet cell differentiation and mucus production, via AHR activation.^[@bibr139-1178646920928984]^ In GF mice colonized with either a wild-type bacterial community or fldC mutant *Clostridium sporogenes*, lacking the fldC gene encoding for the phenyllactate dehydratase essential for IPA production, the fldC-colonized mice exhibited significantly increased permeability to fluorescein isothiocyanate (FITC)-dextran compared to their wild-type-colonized counterparts, caused by the deficiency of luminal IPA.^[@bibr140-1178646920928984]^ In high-fat diet-fed mice, IPA was recently found to reduce intestinal permeability and displayed prominent efficacy in diminishing in vitro T84 cell monolayer permeability compromised by pro-inflammatory cytokines.^[@bibr141-1178646920928984]^ IPA promoted upregulated junctional protein-coding mRNA as well as downregulation of enterocyte TNF-α by directly engaging the X receptor (PXR) and both effects involved Toll-like receptor (TLRs) signalling in enterocytes.^[@bibr142-1178646920928984]^ TLRs constitute one of the best characterized family of pathogen-associated molecular pattern (PAMP) receptors.^[@bibr143-1178646920928984]^ Activation of TLRs promotes intracellular signals associated with distinctive adaptor proteins, such as myeloid differentiation primary response gene 88 (MyD88) and TIR-domain-containing adapter-inducing interferon-β (TRIF) pathway. As a consequence, several downstream pathways, comprising the nuclear factor-kappa B (NF-κB), mitogen-activated protein kinases (MAPK), and/or interferon-regulatory factor (IRF) signalling pathways, are activated favouring the expression of several gene products.^[@bibr144-1178646920928984],[@bibr145-1178646920928984]^ Activation of TLRs by specific bacterial products, such as lipopeptides, peptidoglycans, and glycolipids, induce epithelial cell proliferation and surface repair following injury^[@bibr146-1178646920928984]^ and may reinforce the integrity of enterocytes sustaining the translocation of ZO-1.^[@bibr147-1178646920928984]^ Interestingly, PXR-deficient (Nr1i2^-/-^) mice displayed a distinctive 'leaky' gut physiology coupled with upregulation of TLR4 signalling pathway and these defects in the epithelial barrier were corrected in Nr1i2^-/-^Tlr4^-/-^ mice.^[@bibr142-1178646920928984]^ Authors suggest that homeostasis between indole secreting bacteria, epithelial PXR, and TLR4 expression is required to prevent intestinal barrier dysfunction, as may occur in some pathological conditions, including IBS and IBD. In these conditions, microorganisms and/or of their metabolites by crossing the epithelial barrier may directly interact with neurons and immune cells in the gut wall. The consequent release of neurotransmitters/neuromodulators as well as of pro-inflammatory cytokines may influence the gut function, but may also extend its action to more distal sites, reaching the CNS and predisposing to psychiatric disorders.^[@bibr148-1178646920928984],[@bibr149-1178646920928984]^ The cause/effect relationship between gut permeability changes and brain disorders still remains to be clearly defined; however, the possibility to re-establish a healthy epithelial barrier resorting to microbial-based approaches, including modulation of tryptophan metabolite signalling, may represent a possible adjuvant approach for the treatment of gut-brain disorders.^[@bibr150-1178646920928984]^

### Enteroendocrine cells {#section10-1178646920928984}

The epithelium of the gastrointestinal tract contains different types of single sensory/secretory EECs, which represent the largest endocrine system of the human body.^[@bibr151-1178646920928984]^ At least 15 types of EECs have been described, releasing more than 20 peptide hormones involved in the regulation of gut motility, gastric acid secretion, and metabolic and behavioural responses, such as food intake.^[@bibr152-1178646920928984]^ These hormones comprise 5-HT, chromogranin/secretogranin family, somatostatin, neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), substance P (SP), cholecystokinin (CKK), glucagon-like peptide (GLP)-1/2, and ghrelin.^[@bibr153-1178646920928984],[@bibr154-1178646920928984]^ The apical surface of enteroendocrine cells (ECCs) comes into contact with luminal constituents, including bacterial metabolites, and takes part in modulation of local neuronal and glial networks by releasing peptides and biological active molecules towards the intestinal submucosa.^[@bibr155-1178646920928984],[@bibr156-1178646920928984]^ Gut signalling molecules from EECs may influence also the brain function, via hormonal and humoral routes, thus participating in the gut-brain communication axis.^[@bibr42-1178646920928984]^ This interplay also extends to the gut microbiota as the saprophytic microflora has a modulatory role on the release of gut peptides from ECCs.^[@bibr157-1178646920928984]^ For example, type L cells ECCs respond to luminal nutrients secreting anorexigenic hormones involved in food consumption, such as postprandial release of GLP-1 and peptide YY (PYY).^[@bibr158-1178646920928984][@bibr159-1178646920928984]-[@bibr160-1178646920928984]^ Receptors for both hormones are located along the gut-brain axis, in the ENS, on vagal afferents, and in the brain stem and hypothalamus in the CNS.^[@bibr161-1178646920928984][@bibr162-1178646920928984]-[@bibr163-1178646920928984]^ The gut microbiota may contribute to gut chemosensitivity,^[@bibr48-1178646920928984]^ as L cells can sense diverse food components via different receptors located on the luminal apical border, including free fatty acid receptor types (FFAR1-4) for bacterial SCFAs.^[@bibr164-1178646920928984]^ Among tryptophan metabolites, indole has been described as a signalling molecule involved in the modulation of GLP-1 from immortalized Glutag L cells as well as from mouse colonic primary L cells.^[@bibr165-1178646920928984]^ Indole influences GLP-1 release in a dual modality, exerting a stimulatory effect over short time periods and an inhibitory effect after prolonged exposure. These data add further information on the ability of tryptophan to modulate appetite. It was in fact proposed that a high-protein diet rich in tryptophan content may suppress appetite via 5-HT production.^[@bibr166-1178646920928984]^

ECs represent a class of EECs located in the epithelial layer of the whole gastrointestinal tract whose basolateral border is in contact with afferent and efferent nerve terminals located in the lamina propria.^[@bibr153-1178646920928984],[@bibr154-1178646920928984]^ ECs display a peculiar bidirectional signalling function from the microbiota to the gut and to the brain.^[@bibr4-1178646920928984]^ ECs secrete 5-HT and peptides (ie, corticotrophin-releasing hormone, CKK, and somatostatin) in response to various physiological and pathological luminal stimuli,^[@bibr153-1178646920928984],[@bibr154-1178646920928984]^ including microbial metabolites or bacterial toxins,^[@bibr167-1178646920928984],[@bibr168-1178646920928984]^ but may also respond to central stimuli.^[@bibr169-1178646920928984]^ The presence of pathogenic bacteria in the gut lumen, including *Escherichia coli, Vibrio cholerae*, and *Salmonella typhimurium*, was linked to upregulation of 5-HT secretion into the lamina propria.^[@bibr170-1178646920928984]^

The gut microbiota influences several gut functions by regulating 5-HT biosynthesis, release, and metabolism in ECs. The mouse gut microbiota metabolite deoxycholate produced by indigenous spore-forming *Clostridium* species stimulated 5-HT biosynthesis in colonic ECs and gastrointestinal motility.^[@bibr171-1178646920928984]^ The saprophytic microflora modulates 5-HT release from ECs by controlling the activity of different receptors for neurotransmitters, hormones, and TLRs.^[@bibr172-1178646920928984],[@bibr173-1178646920928984]^ LPS stimulated the release of 5-HT in vitro from ECs of Crohn disease patients via TLR4 activation.^[@bibr174-1178646920928984]^ 5-HT released by ECs, in a paracrine way, activates its own receptors on intrinsic and extrinsic primary afferent nerve terminals laying in the proximity of ECs, consequently triggering enteric reflexes mediating peristalsis, secretion, pain perception, and inflammatory responses.^[@bibr98-1178646920928984],[@bibr175-1178646920928984]^ Secretomotor reflexes, underlying chloride ions and water release into the lumen, are promoted by strains of pathogenic bacteria.^[@bibr176-1178646920928984]^ The consequent enhancement of intraluminal fluid content favours bowel motility and the clearance of the intestinal content, including pathogenic bacteria. Although this issue has not yet been fully elucidated, 5-HT secreted by ECs is suggested to intervene in the interkingdom communication between the microbiota and the host by influencing bacterial motility and promote the expression of virulence genes.^[@bibr98-1178646920928984]^,^[@bibr177-1178646920928984][@bibr178-1178646920928984]-[@bibr179-1178646920928984]^

The gut-associated immune system {#section11-1178646920928984}
--------------------------------

The physiological maintenance of host tissue homeostasis depends on the equilibrium between adaptive and innate immunity that regulates responses to food intake, commensals, and pathogens. In the gut, complex interplaying mechanisms mediated by the gut-associated lymphoid tissue (GALT) are responsible for the activation of both innate and adaptive immunity.^[@bibr180-1178646920928984]^ The GALT represents the most extensive lymphoid system of the human body and comprises both inductive Peyer patches, composed of aggregated of lymphoid tissue and considered as the immune sensors of the gut, and effector sites, such as lamina propria lymphocytes and intraepithelial lymphocytes (LPLs and IEL, respectively).^[@bibr181-1178646920928984],[@bibr182-1178646920928984]^ This complex intestinal immune system is essential for the development of oral tolerance to avoid inflammatory responses against food proteins and self-aggression against the resident intestinal microbiota.^[@bibr183-1178646920928984]^ Dendritic cells (DC), placed below epithelial cells, are able to phagocytize antigens and bacteria and to expose cleaved fragments of processed antigen to major histocompatibility complex (MHC) class I or II molecules, and are the first immune cell type to modulate tolerance. Activation of DCs after the recognition of MHC molecules is necessary for the stimulation and expansion of CD4^+^ helper T-cells and the lack of costimulatory signals on immature DC cell phenotype induces T cell oral tolerance. The continuous exposure to food and to microbiota antigens prevents the activation of DC cells, leading to a tolerogenic environment.^[@bibr184-1178646920928984]^ Intestinal naïve T-cells are classified into 2 classes of CD4^+^ T-cells according to the array of cytokine produced: T helper type 1 (Th1) that modulates cell-mediated immunity and secrete INFγ and TNFα and T helper type 2 (Th2) that modulates humoral immunity and secrete interleukin (IL)-4 and IL-6, IL-10, and TGFβ. Induction of Th2 response and downregulation of Th1 response has been suggested as a part of a physiological mechanism of oral tolerance.^[@bibr185-1178646920928984]^ Generation of a regulatory T cell subset (Treg) with suppressive effects may also favour development of oral tolerance.^[@bibr186-1178646920928984]^ The intestinal microflora with its qualitative differences in composition during lifespan may affect immune responses in the gut. Studies carried out on GF rodents revealed that the microbiota is essential for the development of the GALT, playing a vital role in shaping gut immune system homeostasis, with IgA secretion and controlled inflammation being considered as a consequence of bacterial colonization.^[@bibr187-1178646920928984]^ In comparison to conventionally housed animals, GF animals have fewer and smaller Peyer patch follicles, decreased levels of circulating plasma cells and IgA associated with a decreased expression of activation markers on intestinal macrophages, decreased MHCII on epithelial cells, and decreased nitric oxide and histamine levels in the small intestine.^[@bibr188-1178646920928984][@bibr189-1178646920928984][@bibr190-1178646920928984][@bibr191-1178646920928984]-[@bibr192-1178646920928984]^ Re-conventionalization of GF mice with a normal microflora re-establishes the mucosal immune system.^[@bibr193-1178646920928984]^ The balance between the microbiota, immune response, and tolerance mechanisms is fundamental for a healthy intestine and any alteration of this relationship may result in gut disorders, but may also extend more distally to the brain.^[@bibr4-1178646920928984],[@bibr194-1178646920928984]^ For example, after inducing water avoidance stress, B and T cell-deficient Rag1^-/-^ mice displayed altered responses to memory and anxiety tests, with decreased hippocampal c-Fos expression, increased HPA-axis activation, and hypersecretory intestinal activity and dysbiosis.^[@bibr190-1178646920928984]^ All the peripheral and central dysfunctions were normalized by pre-treatment with probiotics, *Lactobacillus rhamnosus* and *Lactobacillus helveticus*, indicating that probiotics may ameliorate the immune-mediated alterations of the gut-brain-microbiota axis.^[@bibr190-1178646920928984]^ Metabolites deriving from the gut microbiota may have immunomodulatory properties. SCFA-producing bacteria of the genera Clostridium stimulate Treg cell expansion and differentiation.^[@bibr195-1178646920928984]^ In the kynurenine pathway, quinolinic, kynurenic, and picolinic acid are involved in the regulation of the gut immune function.^[@bibr196-1178646920928984],[@bibr197-1178646920928984]^ Kynurenic acid reduced LPS-induced IL-23 expression in DCs and inhibited the in vitro differentiation of Th17 cell, a subset of pro-inflammatory Th cells, inducing anti-inflammatory effects.^[@bibr198-1178646920928984]^ Kynurenic acid may also blunt the secretion of high-mobility group box 1 protein, a fundamental mediator of inflammation, from monocytes as well as the secretion of α-defensin, HNP 1-3, from cultures of granulocytes in vitro.^[@bibr199-1178646920928984]^ Kynurenic acid and newly synthetized analogues have an important role in suppressing TNF-α synthesis by influencing the expression of the anti-inflammatory factor TSG-6.^[@bibr200-1178646920928984]^ Kynurenic acid also inhibits xanthine oxydase in vitro, resulting in less oxygen species production.^[@bibr201-1178646920928984]^ In mice, in vivo treatment with kynurenic acid attenuated LPS-induced TNF-α and nitric oxide serum levels and reduced LPS-induced death.^[@bibr202-1178646920928984]^ Kynurenic acid was also able to reduce TNF-α release from leukocytes after ex vivo exposure to LPS.^[@bibr203-1178646920928984]^

Along the kynurenine pathway, picolinic acid is also described to exert potential effects on the immune system possessing both antimicrobial, antiviral and antifungal activity.^[@bibr68-1178646920928984]^ Picolinic acid enhances macrophage effector functions by favouring both the IFN-γ-mediated increase of nitric oxide synthase gene expression^[@bibr204-1178646920928984],[@bibr205-1178646920928984]^ and the induction of the expression of macrophage inflammatory proteins (MIPs) 1α and 1β.^[@bibr206-1178646920928984]^ The antimicrobial activity of picolinic acid seems to be caused by the ability of the molecule to chelate metal ions essential for bacteria, such as Fe^2+^ ions.^[@bibr207-1178646920928984],[@bibr208-1178646920928984]^ Both, picolinic and quinolinic acids, can also enhance IFN-γ-dependent inducible nitric oxide synthase (iNOS) expression involved in the immune response after gut microbiota exposure, thus modulating development of inflammatory responses.^[@bibr209-1178646920928984],[@bibr210-1178646920928984]^

Indolic compounds may sustain gut immune responses by activating AhR.^[@bibr124-1178646920928984]^ In this latter context, AhR has been found in Th17 cells,^[@bibr211-1178646920928984]^ innate lymphoid cells,^[@bibr212-1178646920928984],[@bibr213-1178646920928984]^ macrophages,^[@bibr214-1178646920928984]^ DC,^[@bibr215-1178646920928984],[@bibr216-1178646920928984]^ and neutrophils.^[@bibr217-1178646920928984]^ IAld, for example, can activate AhR to regulate gut immune responses including interleukin-22 production and IEL recruitment.^[@bibr217-1178646920928984],[@bibr218-1178646920928984]^ *Lactobacillus Spp*. influenced interleukin IL-22 mucosal homeostasis via AhR activation by IAld, protecting mice against mucosal candidiasis.^[@bibr118-1178646920928984]^ Importantly, tryptophan metabolites via AhR may affect the differentiation of naive CD4^+^ T helper cells into either Treg or Th17 cells, which bears important consequences on the development of immune and inflammatory conditions.^[@bibr58-1178646920928984]^ In mice, activation of AhR by IAld and ILA produced after administration of *Lactobacillus reuteri* reprogrammed intraepithelial CD4^+^ T helper cells into immunoregulatory T-cells (CD4^+^CD8^+^αα double-positive IEL).^[@bibr218-1178646920928984]^ As part of an interkingdom bidirectional communication system, TLRs activation by microbial components, such as LPS and lipoteichoic acid, has been recognized as a key factor in the initialization of tryptophan metabolism along the kynurenine pathway.^[@bibr219-1178646920928984]^ Furthermore, stimulation of TLR-3 in monocytes may enhance kynurenine downstream production of both kynurenic and quinolinic acid.^[@bibr220-1178646920928984]^ Taken together, these observations suggest that development of research on the ability of tryptophan metabolites and their downstream targets to influence the gut immune system may allow to establish new strategies to ameliorate the host health.

The ENS {#section12-1178646920928984}
-------

The ENS is constituted by a complex neuronal network that controls different gastrointestinal functions such as motility, secretion, mucosal transport, blood flow, and nutrient absorption and interacts with the gut immune and endocrine systems.^[@bibr40-1178646920928984]^ The ENS extends from the oesophagus to the colon and controls complex gastrointestinal responses, such as the peristalsis reflex, in rather autonomously with respect to the CNS and ANS.^[@bibr40-1178646920928984]^ However, the ENS is not totally autonomous and the complete regulation of the gastrointestinal functions originates from the integration of local reflexes, with reflexes involving sympathetic and vagal afferents from the gut to the CNS and vice versa.^[@bibr221-1178646920928984]^ The ENS is characterized by 3 major ganglionated plexuses, the submucosal, myenteric, and subserous plexus, separated by interconnecting fibre strands.^[@bibr36-1178646920928984]^ Enteric neurons are classified according to their morphology, neurochemical coding, projections to targets, and functional roles into 5 major types: intrinsic primary afferent neurons (IPAN), interneurons, excitatory and inhibitory motor neurons, and secretomotor neurons.^[@bibr36-1178646920928984],[@bibr40-1178646920928984]^ In the submucosal and myenteric plexus, IPANs possess large-cell bodies and bidirectional axons projecting to the mucosa to respond to chemical and mechanical stimuli giving rise to secretomotor, vasodilator, and motor reflexes.^[@bibr1-1178646920928984],[@bibr222-1178646920928984]^ This neuronal subtype is highly conserved in different animal species and can be identified by the presence of hyperpolarization-activated cation current and post-action potential and by the expression of different neurotransmitters such as substance P, acetylcholine, and calcitonin gene--related peptide and 5-HT.^[@bibr36-1178646920928984],[@bibr223-1178646920928984],[@bibr224-1178646920928984]^ In mammals, 5-HT released from ECs stimulates IPANs projecting to the mucosa, thus promoting activation of enteric reflexes.^[@bibr225-1178646920928984]^ Chemical and mechanical stimuli in the mucosa may be transduced by IPAN processes to descending and ascending interneurons and to excitatory and inhibitory motor neurons innervating the longitudinal and circular smooth muscle layers. 5-HT is also a neurotransmitter released from myenteric neurons that project in the descending pathway of the peristaltic reflex.^[@bibr225-1178646920928984]^ All together these observations point to 5-HT as an important mediator of gut motor function, although it is important to note that depletion of all endogenous 5-HT does not block peristalsis in the large intestine of vertebrates, nor inhibit transit.^[@bibr226-1178646920928984]^ Two major neurotransmitters, such as acetylcholine and tachykinins, are present in the excitatory motor neurons, whereas several neurotransmitters have been identified in inhibitory motor neurons, including nitric oxide (NO), VIP, and adenosine triphosphate (ATP)-like transmitters.^[@bibr72-1178646920928984],[@bibr227-1178646920928984],[@bibr228-1178646920928984]^ In several physiological and pathological conditions, the ENS undergoes plasticity, which is unmatched in any other section of the ANS.^[@bibr1-1178646920928984],[@bibr229-1178646920928984],[@bibr230-1178646920928984]^ The cross-talk among enteric neurons with several types of cells of the enteric microenvironment, including enteric glial cells, smooth muscle cells, interstitial cells of Cajal, resident immune cells, and ECCs may, at least, explain such peculiar adaptation of the ENS.^[@bibr231-1178646920928984][@bibr232-1178646920928984]-[@bibr233-1178646920928984]^ In recent times, evidences are accruing to suggest that the gut microbiota, by either direct or indirect interaction with enteric neurons and glia, may influence the ENS structure and function.^[@bibr223-1178646920928984],[@bibr234-1178646920928984]^ In juvenile mice, induction of dysbiosis by chronic antibiotic treatment was followed by complex rearrangement within the ENS, including distortion of the enteric glial network alterations of both excitatory and inhibitory motor neurotransmission as well as upregulation of neurotrophic pathways such as brain-derived neurotrophic factor (BDNF) and its high-affinity receptor tropomyosin-related kinase B (TrkB) in sensory and motor myenteric neurons.^[@bibr223-1178646920928984],[@bibr234-1178646920928984]^ Interestingly, TLRs are located on myenteric and submucosal neurons as well as on enteric glial cells and may influence ENS integrity and function.^[@bibr235-1178646920928984][@bibr236-1178646920928984]-[@bibr237-1178646920928984]^ In mice, dysbiosis-induced neurochemical ENS derangement correlated with changes of TLR2 receptor distribution and slowing of the gastrointestinal transit, which was partially recovered by activation of TLR2 function.^[@bibr237-1178646920928984]^ Colonization of GF mice with a microbiota derived from conventionally raised mice also altered the ENS neurochemical coding, in particular the serotoninergic pathways, and increased motor activity. These changes were dependent on the release of 5-HT from both ECs and enteric neurons and correlated with the proliferation of Nestin^+^ enteric neuron progenitors in the adult gut.^[@bibr238-1178646920928984]^ In this latter regard, the role of 5-HT in adult ENS neurogenesis and neuroprotection is well-established ENS.^[@bibr102-1178646920928984],[@bibr238-1178646920928984],[@bibr239-1178646920928984]^ Tryptamine may indirectly stimulate gastrointestinal motility by inducing the release of 5-HT from ECs.^[@bibr240-1178646920928984]^ In mouse colonic epithelial cells, tryptamine was also shown to significantly affect ion secretion in vitro and to directly influence the transit of food particles and bacterial cells through the gut lumen.^[@bibr113-1178646920928984]^ Besides modulating ECs cells to shape ENS structure and function, the microbiota and its metabolites seem to directly influence IPANs.^[@bibr44-1178646920928984],[@bibr241-1178646920928984]^ In GF mice, a reduced excitability of myenteric IPANs was observed in vitro, which was restored after conventionalization with normal gut microbiota.^[@bibr242-1178646920928984]^ *Lactobacillus reuteri* increased the excitability and the number of action potentials per depolarizing pulse, decreased calcium and potassium channel opening, and reduced slow after-hyperpolarization in IPANs.^[@bibr44-1178646920928984]^ Specific bacterial strains may support the normal intestinal motor function as, in GF rats, derangement of the neuromuscular function and delay of intestinal transit were partially reversed after colonization with either *Lactobacillus acidophilus* or *Bifidobacterium bifidum*, while *Escherichia coli* and *Micrococcus luteus* delayed gut motility.^[@bibr243-1178646920928984]^

Microbiota-Gut-Brain Axis Dysfunction in IBS and IBD: Role of Tryptophan Metabolites {#section13-1178646920928984}
====================================================================================

In recent times, data from metagenomics and metabolomics studies have greatly advanced our comprehension of the role of the gut microbiota and of its metabolites in the maintenance of host health status. Unbalanced compositions of the microflora harbouring the human gut have been associated with numerous diseases, including gastrointestinal disorders.^[@bibr244-1178646920928984][@bibr245-1178646920928984][@bibr246-1178646920928984]-[@bibr247-1178646920928984]^ Accordingly, data obtained from preclinical and clinical studies show that the pathogenesis of both IBS and IBD may, at least in part, depend on alterations of the saprophytic microflora, although a clear-cut demonstration of this correlation for both diseases has not yet been given.^[@bibr8-1178646920928984],[@bibr248-1178646920928984]^ Both in IBS and IBD, changes in the microbial community and in its metabolites participate in dysfunctions of the epithelial, immune, and neuronal gut compartments.^[@bibr1-1178646920928984],[@bibr3-1178646920928984]^ It is now assessed that such derangements may not only underlay gut symptoms but may also influence the gut-brain communication, predisposing to CNS disorders.^[@bibr12-1178646920928984],[@bibr249-1178646920928984]^ In this scenario, impaired tryptophan metabolism along the microbiota-gut-brain axis may potentially participate in the manifestation of both local and CNS symptoms associated with both diseases ([Figure 3](#fig3-1178646920928984){ref-type="fig"}).

![Potential role of tryptophan metabolites in the modulation of symptoms associated with IBS and IBD. Environmental changes, stress, diet, previous infection, and dysbiosis may alter the homeostasis of the gut-brain axis underlying development of motor dysfunction, visceral pain, and CNS disorders, such as anxiety and depression in both IBS and IBD patients. Tryptophan metabolites by influencing the epithelial barrier, the immune function, and the ENS may peripherally influence symptom development, as detailed in the text. Furthermore, 5-HT and kynurenine may participate in behavioural disorders associated with both diseases. CNS indicates central nervous system; DRG, dorsal root ganglion; ENS, enteric nervous system; HPA, hypothalamic-pituitary axis; IBD, inflammatory bowel disease; IBS: irritable bowel syndrome; KYN, kynurenine; NGV, nodose vagal ganglion; NTS, nucleus of the solitary tract.\
Source: adapted from Baj et al.^[@bibr1-1178646920928984]^](10.1177_1178646920928984-fig3){#fig3-1178646920928984}

Irritable bowel syndrome {#section14-1178646920928984}
------------------------

Irritable bowel syndrome is the gut functional disorder with higher prevalence worldwide, showing a 2:1 ratio between females and males of prevalently less than 50 years of age.^[@bibr250-1178646920928984]^ Irritable bowel syndrome is a chronic or recurrent disorder, manifesting with abdominal pain and distension and altered bowel habits and disordered defecation, underlying either constipation (IBS-C) or diarrhoea (IBS-D) or both.^[@bibr11-1178646920928984]^ Symptoms develop as a consequence of dysmotility, visceral hyperalgesia, ANS dysfunctions, familiarity, psychosocial triggers, postinfectious events, and, as more recently suggested, microbiota-gut-brain dysfunctions, although the exact etiopathogenesis remains unknown.^[@bibr11-1178646920928984],[@bibr39-1178646920928984],[@bibr250-1178646920928984]^ Metagenomic studies suggest the existence of a correlation between changes in the gut microbiota composition and IBS development, with an increased ratio of *Firmicutes* to *Bacteroidetes* in all IBS patients^[@bibr11-1178646920928984]^,^[@bibr251-1178646920928984][@bibr252-1178646920928984]-[@bibr253-1178646920928984]^ ([Table 1](#table1-1178646920928984){ref-type="table"}). The hypothesis that changes in gut microbiota composition may correlate with the risk to develop IBS is inferred also from the evidence that a previous bacterial infection may predispose to IBS, the so-called post-infectious-IBS (PI-IBS).^[@bibr251-1178646920928984]^ Post-infectious-IBS patients have altered sensory and motor intestinal responses, which depend, at least in part, on a subclinical low-grade immune activation, in the absence of overt signs of gut inflammation. Interestingly, colonic biopsies from IBS patients show enhanced number of immunocytes and receptors for bacterial metabolites, such asTLRs.^[@bibr254-1178646920928984][@bibr255-1178646920928984]-[@bibr256-1178646920928984]^ There are indications that impairment of tryptophan metabolism may correlate to IBS pathogenesis.^[@bibr10-1178646920928984],[@bibr219-1178646920928984]^ Alteration of 5-HT homeostasis has been described in IBS patients, which may relate to dysmotility. In IBS patients, 5-HT mucosal content is lower than in healthy controls and is associated with lower expression levels of TPH1 and serotonin reuptake transporter.^[@bibr257-1178646920928984][@bibr258-1178646920928984]-[@bibr259-1178646920928984]^ Changes in 5-HT levels may, however, differ according to the IBS subtype, as colonic levels are prevalently reduced in IBS-C and increased in IBS-D.^[@bibr260-1178646920928984]^ Accordingly, 5-HT levels may be upregulated in PI-IBS development. In this condition, inflammation-induced upregulation of 5-HT signalling persists after the inflammation has ceased, and microbial activation of ECs signalling may favour symptom persistence in PI-IBS.^[@bibr261-1178646920928984],[@bibr262-1178646920928984]^ Serotoninergic receptors of the 5HT~3~ type are altered in IBS patients and administration of 5-HT~3~ receptor antagonists to IBS patients slowed colonic transit, enhanced small intestinal absorption, and reduced visceral pain by activation of gut-brain pathways.^[@bibr263-1178646920928984],[@bibr264-1178646920928984]^ A recent meta-analysis review of the literature has demonstrated that different 5-HT~3~ receptor antagonists may represent valid therapeutic tools to treat IBS and IBS-C with few associated adverse effects.^[@bibr265-1178646920928984]^ A detailed description of 5-HT involvement IBS-associated gut motor function derangements is, however, beyond the scope of this review and has been elegantly detailed elsewhere.^[@bibr98-1178646920928984]^

###### 

Examples of microbiota-gut-brain axis abnormalities associated with IBS.

![](10.1177_1178646920928984-table1)

  Model                                                                                                   Findings                                                                                                                                                                                                                                                                                                                              Ref.
  ------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------
  Gut microbiota analysis in patients with IBS                                                            Increased ratio of *Firmicutes* to *Bacteroidetes*                                                                                                                                                                                                                                                                                    Holtmann et al^[@bibr11-1178646920928984]^ and Jeffery et al^[@bibr252-1178646920928984]^
                                                                                                          Lower diversity in the microbiota composition of IBS patients                                                                                                                                                                                                                                                                         Jeffery et al^[@bibr252-1178646920928984]^
                                                                                                          Microbial signature at the specie levels is not uniform and depends on the subgroup of IBS patients considered                                                                                                                                                                                                                        Krogius-Kurikka et al^[@bibr253-1178646920928984]^ and Bercik et al^[@bibr254-1178646920928984]^
  Expression levels of microbial sensing receptors (TLRs) in IBD patients                                 Significantly increased levels of TLR2 receptor in colonic biopsies from IBS-D patients                                                                                                                                                                                                                                               Belmonte et al^[@bibr255-1178646920928984]^
                                                                                                          Significantly increased levels of TLR4 receptor in colonic biopsies from IBS-D and IBS-C patients                                                                                                                                                                                                                                     Belmonte et al^[@bibr255-1178646920928984]^
                                                                                                          Increased expression of TLR2 and TLR4 receptors in epithelial cells of the colonic mucosa significantly correlating with IBS-M symptoms                                                                                                                                                                                               Koçak et al^[@bibr256-1178646920928984]^
  Clinical studies of visceral hyperalgesia                                                               Increased amount of faecal Proteobacteria positively correlating with visceral pain scores in adult IBS patients                                                                                                                                                                                                                      Krogius-Kurikka et al^[@bibr253-1178646920928984]^
                                                                                                          Increased amount of the genus *Alistipes* (Bacteroidetes) associated with recurrent abdominal pain in paediatric IBS                                                                                                                                                                                                                  Desbonnet et al^[@bibr268-1178646920928984]^
                                                                                                          Repeated courses of antibiotics during the first and second year of life increase the risk of visceral pain in an adolescent female population                                                                                                                                                                                        Perez-Burgos et al^[@bibr270-1178646920928984]^
  Preclinical studies of visceral hyperalgesia                                                            Early postnatal exposure to antibiotics predisposes to development of visceral hypersensitivity in adult rats.                                                                                                                                                                                                                        Uusijärvi et al^[@bibr269-1178646920928984]^
                                                                                                          In GF mice, myenteric IPANs display reduced excitability, which can be restored by microbiota re-colonization                                                                                                                                                                                                                         Garrett^[@bibr244-1178646920928984]^
                                                                                                          Administration of live *Lactobacillus reuteri* (*DSM* 17938) reduces spinal nerve firing from the mouse jejunum after gut distension or capsaicin treatment                                                                                                                                                                           McKernan et al^[@bibr271-1178646920928984]^
                                                                                                          Probiotic treatment (*Bifidobacterium infantis* 35624) for 14 days reduces visceral pain perception to CRD in adult rats                                                                                                                                                                                                              Aguilera et al^[@bibr272-1178646920928984]^
                                                                                                          2-week antibiotic treatment in adult mice modulates neuroimmune sensory pathways and reduces visceral pain responses related to intraperitoneal or intracolonic chemical stimulation                                                                                                                                                  Verdú et al^[@bibr273-1178646920928984]^
                                                                                                          Administration of *Lactobacillus paracasei* NCC2461 to dysbiotic adult mice reduces visceral hypersensitivity to CRD                                                                                                                                                                                                                  Crouzet et al^[@bibr274-1178646920928984]^
                                                                                                          GF rats transplanted with faecal microbiota from IBS-C patients experiencing hypersensitivity to CRD display visceral sensitivity. This effect is not reproduced in rats receiving faecal transplantation from healthy volunteers                                                                                                     Donovan and Tecott^[@bibr275-1178646920928984]^
  Clinical and preclinical studies correlating the microbiota with stress-related psychiatric disorders   Significant correlation between microbial signature and clinically relevant depression in IBS patients                                                                                                                                                                                                                                Krogius-Kurikka et al^[@bibr253-1178646920928984]^ and Bercik et al^[@bibr254-1178646920928984]^
                                                                                                          Faecal microbiota transplantation from depressed patients to GF mice results in the development of a depressive-like phenotype                                                                                                                                                                                                        Jiang et al^[@bibr296-1178646920928984]^
                                                                                                          Faecal transplantation from depressed patients to antibiotic-treated rats favours the development of anhedonia and anxiety-like behaviour                                                                                                                                                                                             Sudo et al^[@bibr299-1178646920928984]^
                                                                                                          GF mice exhibit an exaggerated HPA stress response concomitant with alterations in the expression of neuroplasticity modulators (BDNF and NMDA receptors) in hippocampus and cortex. HPA axis response to stress in GF mice are reversed by re-colonization with *Bifidobacterium infantis* at an early age                           Gareau et al^[@bibr300-1178646920928984]^
                                                                                                          In mouse pups, maternal separation, representing a model of early life stress and trauma, enhances HPA axis activity and colonic epithelial barrier dysfunction correlating to impaired *Lactobacillus* colonization. Administration of probiotics of the *Lactobacillus spp.* restores colonic flora and reduces HPA axis activity   Lafuse et al^[@bibr301-1178646920928984]^
                                                                                                          Prolonged exposure to stress causes ultrastructural alterations of the intestinal barrier favouring systemic translocation of different bacteria strains, such as *Lactobacillus spp*. and activation of an immune response                                                                                                           Lyte et al^[@bibr302-1178646920928984]^
                                                                                                          Stress-related neurotransmitters, such as catecholamines, favour bacteria growth (ie, nonpathogenic *Escherichia coli* and pathogenic *Escherichia coli* 0157: H7 strains)                                                                                                                                                            Marin et al^[@bibr303-1178646920928984]^

Abbreviations: BDNF, brain-derived neurotrophic factor; CRD, colorectal distention; GF, germ-free; HPA, hypothalamus-pituitary axis; IBS, irritable bowel syndrome; IBS-C, IBS with constipation; IBS-D, IBS with diarrhoea; IBS-M, mixed constipation and diarrhoea IBS; IPAN, intrinsic primary afferent neurons; NMDA, N-methyl-[d]{.smallcaps}-aspartate (ionotropic glutamate receptor); TLR, Toll-like receptor; WT, wild type.

### Visceral pain as a microbiota-gut-brain axis dysfunction in IBS {#section15-1178646920928984}

In IBS patients, alterations of the microbial flora may underlie visceral hyperalgesia, defined as a poorly localized and diffuse chronic abdominal pain^[@bibr221-1178646920928984],[@bibr266-1178646920928984]^ ([Table 1](#table1-1178646920928984){ref-type="table"}). In particular, changes in the amounts of specific phyla, such as Proteobacteria, were correlated with the scores of visceral pain in IBS patients.^[@bibr252-1178646920928984],[@bibr267-1178646920928984]^ Alterations in the microbial saprophytic flora may favour development of visceral pain during the whole lifespan, for example, the occurrence of dysbiosis in the early periods of life favours development of visceral pain during adult age.^[@bibr268-1178646920928984]^ This observation is all the more important considering that repeated courses of antibiotics during childhood may be associated with an increased risk of visceral pain during adulthood.^[@bibr269-1178646920928984]^ Preclinical studies have demonstrated that both IPANs and extrinsic sensory afferents modulating visceral pain are influenced by the microflora.^[@bibr243-1178646920928984],[@bibr270-1178646920928984]^ From a translational viewpoint, numerous studies carried out on GF and dysbiotic murine models have demonstrated the potential beneficial effects of microbiota manipulation via probiotic or antibiotic treatment on visceral pain perception.^[@bibr271-1178646920928984][@bibr272-1178646920928984][@bibr273-1178646920928984]-[@bibr274-1178646920928984]^ Several hints suggest that tryptophan metabolites, such as 5-HT and kynurenines, are involved in the modulation of both local and ascending neuronal pathways transmitting visceral pain perception along the microbiota-gut-brain axis. Release of 5-HT from colonic mucosa correlated with the severity of abdominal pain/discomfort in patients with IBS.^[@bibr263-1178646920928984]^ It is unlikely that variations of 5-HT release from ECs may influence visceral pain perception by exerting a direct effect on the CNS, as 5-HT cannot cross the BBB.^[@bibr275-1178646920928984]^ Most probably, 5-HT is locally involved in visceral hyperalgesia by influencing vagal afferents along the brain-gut axis ^[@bibr98-1178646920928984]^,^[@bibr276-1178646920928984]^ as well as inflammatory responses in the gut.^[@bibr277-1178646920928984]^ Colonic mucosal supernatants of IBS patients increased the firing rate of rat mesenteric sensory neurons in vitro and this excitatory effect was inhibited by the 5-HT~3~ receptor antagonist, granisetron.^[@bibr263-1178646920928984]^ Other investigations have demonstrated that both peripheral 5-HT~4~ and 5HT~3~ receptors are involved in the modulation of visceral pain associated with IBS, suggesting that modulation of 5-HT receptors may represent a useful therapeutic strategy.^[@bibr98-1178646920928984],[@bibr102-1178646920928984],[@bibr264-1178646920928984]^ As the microbiota participates in pain signalling from the gut,^[@bibr4-1178646920928984]^ it is reasonable that 5-HT producing microbes, such as *Streptococcus, Escherichia*, and *Enterococcus*, may influence visceral pain perception^[@bibr102-1178646920928984]^; however, further research is necessary to confirm this issue.^[@bibr278-1178646920928984]^ Although the majority of studies regarding the involvement of gut tryptophan metabolites in the modulation of visceral pain perception have focused on 5-HT, kynurenines may also have a role, representing a possible novel signalling pathway to target visceral hyperalgesia in IBS. Indeed, kynurenine levels increase in the serum of IBS patients^[@bibr279-1178646920928984]^ and the peripheral IDO1 activity positively correlates with IBS severity.^[@bibr280-1178646920928984]^ In the kynurenine pathway, kynurenic acid, as a modulator of glutamatergic NMDA receptor pathways, may have a role in development of IBS-associated visceral pain. Along the gastrointestinal tract, glutamate, via NMDA receptors, may act as an endogenous modulator of mechanosensitive pathways, transducing sensory stimuli deriving from pelvic and splanchnic afferents in response to neuroinflammation and hyperalgesia.^[@bibr281-1178646920928984][@bibr282-1178646920928984][@bibr283-1178646920928984][@bibr284-1178646920928984]-[@bibr285-1178646920928984]^ Activation of NMDA receptors in the CNS was also involved in the visceromotor responses to noxious colorectal distension, and this effect was blocked by the antagonist at the glycine site associated with NMDA receptor, 7-chloro-kynurenic acid, a derivative of kynurenic acid.^[@bibr286-1178646920928984],[@bibr287-1178646920928984]^ Interestingly, in preclinical models of IBS, dysbiosis was correlated with changes in NMDA receptor expression, both in the gut and in the CNS.^[@bibr288-1178646920928984]^ Modulation of glutamatergic transmission along the gut-brain axis may participate to adaptation of afferent neurons and CNS pain processing, leading to chronic visceral hypersensitivity in IBS patients.^[@bibr221-1178646920928984]^ In particular, NMDA receptors located on complex neuronal networks in the spinal cord may promote the amplification of nociceptive signals and the 'wind-up' of central responses to nociceptive stimuli.^[@bibr221-1178646920928984],[@bibr266-1178646920928984]^ Several studies suggest that kynurenic acid and its synthetic analogues may offer novel therapeutic options for the treatment of neuropathic pain syndromes devoid of significant adverse effects.^[@bibr289-1178646920928984][@bibr290-1178646920928984]-[@bibr291-1178646920928984]^

### Tryptophan metabolites and IBS-associated anxiety and depression {#section16-1178646920928984}

IBS patients may frequently experience high levels of anxiety and depression with respect to healthy subjects, regardless of the IBS subtype.^[@bibr292-1178646920928984]^ Both psychiatric disorders are closely related to stress, an important pathogenic factor for IBS.^[@bibr249-1178646920928984],[@bibr293-1178646920928984]^ Stress is considered a dynamic process in which physical and/or mental homeostasis may be altered by both exogenous and endogenous stressors.^[@bibr294-1178646920928984]^ Stress-induced disorders developing in IBS patients may relate to dysbiosis ([Table 1](#table1-1178646920928984){ref-type="table"}).^[@bibr251-1178646920928984],[@bibr252-1178646920928984]^ Association of major depressive disorders with changes in gut microbiota have given different outcomes concerning the phylum Bacteroidetes, as some reports show a reduction^[@bibr295-1178646920928984]^ or an enhancement.^[@bibr296-1178646920928984],[@bibr297-1178646920928984]^ Studies carried out in GF or dysbiotic murine models suggest that the interplay between the gut microbiota, the HPA axis, and neuroimmune pathways is fundamental in driving the host response to stress stimuli.^[@bibr295-1178646920928984]^,^[@bibr298-1178646920928984][@bibr299-1178646920928984][@bibr300-1178646920928984][@bibr301-1178646920928984]-[@bibr302-1178646920928984]^ From a metabolomic stand point, changes in microbiota composition during chronic stress is associated with the diversion of tryptophan metabolism from the 5-HT to the kynurenine pathway.^[@bibr9-1178646920928984]^ Administration of the probiotic *Lactobacillus reuteri* in mice subjected to stress stimuli attenuated the unbalanced tryptophan transformation, reinforcing the concept that the microbiota may influence metabolism and resilience during stress.^[@bibr303-1178646920928984]^ In GF mice, faecal transplantation induced a depressive mood which was associated with an enhancement of the kynurenine/tryptophan ratio.^[@bibr35-1178646920928984]^ Both *in vitro* and *in vivo* studies showed that IDO1 activation in the presence of IFNγ favours the conversion of tryptophan into kynurenine, promoting the development of depressive symptoms.^[@bibr304-1178646920928984]^ Interestingly, anxiety-like behaviours developed in mice receiving gut microbiota from depressed patients in parallel with increased blood kynurenine levels and kynurenine/tryptophan ratio.^[@bibr297-1178646920928984]^ In rats, supplementation of *Bifidobacterium infantis* ameliorated the depressive behaviour induced by a forced-swim test and normalized tryptophan metabolism.^[@bibr91-1178646920928984]^ Manifestation of depressive symptoms in IBS patients was correlated with altered tryptophan metabolism.^[@bibr196-1178646920928984]^ In IBS patients, IDO1 activity is enhanced and positively linked with the severity of the disease, while kynurenic acid levels and the ratio between kynurenic acid/kynurenine is reduced.^[@bibr305-1178646920928984]^ A significant correlation was observed between the decrease of kynurenic acid and 5-HT in duodenal mucosal biopsy specimens and the psychological index state of IBS patients.^[@bibr306-1178646920928984]^ Kynurenine involvement in stress-related disorders may depend on the ability of this molecular pathway to influence NMDA receptors located in CNS regions involved in the development of depression, such as hippocampus, amygdala, and cingulate cortex.^[@bibr7-1178646920928984],[@bibr9-1178646920928984],[@bibr307-1178646920928984]^ Both preclinical and clinical studies indicate that NMDA receptor blockade may have anxiolytic and antidepressant effects.^[@bibr309-1178646920928984][@bibr310-1178646920928984]-[@bibr311-1178646920928984]^ In mice, the prodrug, 4-chloro-kynurenic acid, induced a rapid onset of antidepressant effects, displaying a better safety profile than other glutamatergic antagonists already used in clinical settings, such as ketamine, holding promises for use in humans.^[@bibr310-1178646920928984],[@bibr311-1178646920928984]^

Inflammatory bowel disorders {#section17-1178646920928984}
----------------------------

Inflammatory bowel disease, including Crohn disease (CD), with the inflammatory response developing along the whole gastrointestinal tract, and ulcerative colitis (UC), with the inflammation constrained to the rectum and colon, displays an increasing incidence worldwide.^[@bibr312-1178646920928984],[@bibr313-1178646920928984]^ The etiopathogenesis remains to be clear-cut defined although there is consensus to suggest that on several factors including host genetics, immune responses, the gut microbiota, and environmental stimuli contribute to the disease.^[@bibr8-1178646920928984],[@bibr313-1178646920928984]^ The pathophysiological relevance of the gut microbiota in IBD has been proposed after different preclinical and clinical observations, showing that IBD patients often develop dysbiosis^[@bibr8-1178646920928984]^,^[@bibr314-1178646920928984][@bibr315-1178646920928984][@bibr316-1178646920928984][@bibr317-1178646920928984]-[@bibr318-1178646920928984]^ and that some antibiotics may be useful to prevent or treat inflammation both in humans and in animal models^[@bibr8-1178646920928984],[@bibr313-1178646920928984]^ ([Table 2](#table2-1178646920928984){ref-type="table"}). Inflammatory bowel disease patients manifest signs of alteration of all the mechanism involved in the oral tolerance process,^[@bibr186-1178646920928984]^ with low levels of IL-10 in the intestinal mucosa leading to the maturation of DC and the stimulation of Th1 pro-inflammatory response.^[@bibr319-1178646920928984]^ Interestingly, in transgenic mice lacking IL-10, development of a spontaneous inflammation is strictly correlated to the composition of microbial flora.^[@bibr318-1178646920928984]^ Genome-wide associated studies evidenced a possible pathogenetic role for TLR gene variants in IBD,^[@bibr320-1178646920928984],[@bibr321-1178646920928984]^ while preclinical models of IBD have shown positive correlations between the severity of the disease and alterations in TLR signalling pathways.^[@bibr8-1178646920928984],[@bibr147-1178646920928984],[@bibr237-1178646920928984],[@bibr322-1178646920928984]^ IBD is also associated with alterations in sensory, motor, and secretory gut functions, suggesting the involvement of the ENS.^[@bibr228-1178646920928984][@bibr229-1178646920928984]-[@bibr230-1178646920928984]^,^[@bibr323-1178646920928984]^ Such neuroplastic changes may result from the interaction between enteric neurons and glia with immunocytes but also with gut microbes.^[@bibr230-1178646920928984],[@bibr324-1178646920928984]^ The discovery of possible modulators of this microbiota-immune-neuronal axis is particularly important to prevent manifestations of more overt inflammatory conditions. Tryptophan and its metabolites may have a role in this context. In IBD patients, tryptophan levels are lower than in healthy controls, and this reduction is particularly evident in CD patients as compared to UC patients, and correlates with the gravity of the disease.^[@bibr325-1178646920928984][@bibr326-1178646920928984]-[@bibr327-1178646920928984]^ The reduction of tryptophan serum levels during active IBD is associated with an increased aminoacid metabolism towards the kynurenine arm, leading to elevated quinolinic acid serum levels.^[@bibr325-1178646920928984],[@bibr327-1178646920928984]^ From a translational view point, mice treated with dextran sulphate sodium (DSS) to induce colitis were more prone to develop inflammation after administration of a tryptophan-free diet.^[@bibr328-1178646920928984]^ Several factors such as cytokines, cortisol, and the perturbed microbiota may contribute to IDO activation and to the enhancement of kynurenine levels during gut inflammation.^[@bibr329-1178646920928984][@bibr330-1178646920928984]-[@bibr331-1178646920928984]^ In IDO1^-/-^ mice, trinitro-benzen-sulfonic acid (TNBS) induced a more severe colitis than in the corresponding wild-type animals, possibly by increasing the release of pro-inflammatory cytokines and decreasing the level of CD4^+^ Foxp^3+^ regulatory T-cells in the colon.^[@bibr332-1178646920928984]^ Increased serum and endoscopic levels of kynurenic acid were also found in IBD patients.^[@bibr333-1178646920928984],[@bibr334-1178646920928984]^ Upregulation of IDO1 is a hallmark of many other diseases, including metabolic disorders such as obesity and insulin resistance, all characterized by a low-grade, Th1-sustained inflammation. In this context, the kynurenine pathway seems to have an important immunomodulatory role, serving as a modulator to reduce the immune system activation by reducing Th1 responses and enhancing Th2-mediated processes.^[@bibr335-1178646920928984],[@bibr336-1178646920928984]^ However, these beneficial effects may be blunted by the detrimental consequences of the increase in neurotoxic metabolites such as quinolinic acid.^[@bibr335-1178646920928984]^

###### 

Examples of microbiota-gut-brain abnormalities associated with IBD.

![](10.1177_1178646920928984-table2)

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Model                                                                                Findings                                                                                                                                                                                           Ref.
  ------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------
  Gut microbiota analysis in patients with IBD                                         Reduced amounts of faecal Firmicutes (especially *Faecalibacterium prausnitzii* in adult CD patients)\                                                                                             Barnich et al^[@bibr315-1178646920928984]^
                                                                                       Decrease in the diversity of Firmicutes constituent species in IBD patients                                                                                                                        

                                                                                       Enhanced levels of Proteobacteria (*Escherichia coli*)                                                                                                                                             Frank et al^[@bibr316-1178646920928984]^

                                                                                       Reduction of *Clostridium clusters XIVa and IV (Faecalibacterium prausnitzii)* correlated with recurrence of CD after surgery                                                                      Walker et al^[@bibr317-1178646920928984]^ and Hoshi et al^[@bibr318-1178646920928984]^

  Development of spontaneous colitis in transgenic mouse models                        Adoptive T-cell transfer to SCID or Rag^-/-^ recipient mice lacking adaptive immunity induces an IL-23-mediated spontaneous colitis dependent on the microbiota composition                        Ni et al^[@bibr8-1178646920928984]^

                                                                                       In IL10^-/-^ mice spontaneous colitis develops only in the presence of a healthy microbiota and is determined by unopposed Th17 cells                                                              Gasche et al^[@bibr319-1178646920928984]^

  GWAS studies of microbial sensing receptors (TLRs) gene expression in IBD patients   Positive association between TLR4 gene variants and development of both CD and UC                                                                                                                  De Jager et al.^[@bibr320-1178646920928984]^

                                                                                       Positive association between nonsynonymous variants in TLR1, -2 and -6 genes with extensive colonic disease in both UC and CD                                                                      Pierik et al.^[@bibr321-1178646920928984]^

  Severity of DSS-induced colitis in mice                                              TLR2^-/-^ mice develop a more severe colitis and epithelial damage with respect to WT                                                                                                              Brun et al^[@bibr237-1178646920928984]^

                                                                                       In mice lacking the TLR downstream signalling, MyD88, the degree of DSS-induced colitis is severe with erosion of the epithelium and ulceration                                                    Ni et al^[@bibr8-1178646920928984]^

                                                                                       Conditional mice expressing MyD88 in myeloid lineages display recruitment of stromal and myeloid cells to colonic crypts and epithelial repair after DSS treatment                                 Malvin et al^[@bibr322-1178646920928984]^

                                                                                       Inflammation injury in TLR2^-/-^ and MyD88^-/-^ mice induces early tight-junction-associated barrier disruption and correlates with anti-apoptotic failure of the epithelial barrier;\             Cario et al^[@bibr147-1178646920928984]^
                                                                                       *In vitro* and *ex vivo* TLR2 stimulation by the synthetic ligand Pam3Cys-Sk4 protects tight-junction-associated barrier assembly against inflammation-induced injury, via MyD88;\                 
                                                                                       Oral treatment with Pam3Cys-Sk4 suppresses mucosal inflammation and apoptosis, restoring the tight-junction-associated epithelium integrity                                                        

                                                                                       In TLR2^-/-^ mice, epithelial injury is reduced after improvement of ENS alterations by GDNF administration                                                                                        Brun et al^[@bibr237-1178646920928984]^

  Anxiety-like behaviours and cognitive deficits after DSS-induced colitis in mice     Impaired recognition memory and anxiety-like behaviour decrease in *Lactobacillus spp*. and SBF during active inflammation.\                                                                       Bercik et al^[@bibr356-1178646920928984]^
                                                                                       Reduction of behavioural anomalies after supplementation of *Lactobacillus rhamnosus* R0011 and *Lactobacillus helveticus* R0052                                                                   

                                                                                       Normalization of anxiety-like behaviours after administration of *Bifidobacterium longum* NCC3001 requires vagal integrity;\                                                                       Bercik et al^[@bibr357-1178646920928984]^
                                                                                       *Bifidobacterium longum* NCC3001 decreases excitability of ileal myenteric plexus neurons, suggesting that the probiotic may promote the activation of an ENS-CNS cross-talk via the vagus nerve   
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: CD, Crohn disease; CNS, central nervous system; DSS, dextran sodium sulphate; ENS, enteric nervous system; GDNF, glial-derived neurotrophic factor; GWAS, Genome-Wide Association Study; IBD, inflammatory bowel disease; SBF, segmented filamentous bacteria; SCID, severe combined immunodeficiency; TLR, Toll-like receptor; UC, ulcerative colitis; WT, wild type.

In the gut, the modulation of the kynurenine pathway in favour of kynurenic acid synthesis may be neuroprotective to compensate for inflammation-induced increased NMDA receptor activity in the neuromuscular compartment.^[@bibr281-1178646920928984]^ Enteric NMDA receptor pathways may sustain development of neuroinflammatory responses by promoting the activation of oxidative and nitrosative stress pathways.^[@bibr337-1178646920928984]^ In this context, both preclinical and human studies have proposed kynurenic acid and its derivative, as potential therapeutic tools for IBD management.^[@bibr337-1178646920928984]^ In the dog and rat colon, administration of kynurenic acid during the acute phase of an experimentally induced inflammation reduced motility index, NO, and ROS levels and peroxynitrite production.^[@bibr201-1178646920928984],[@bibr338-1178646920928984]^ The adaptation of enteric neurons during inflammation depends on the intensity of the injury as well as from its acute vs chronic form.^[@bibr323-1178646920928984],[@bibr324-1178646920928984]^ Enduring and severe inflammation is associated with enhanced production of different pro-inflammatory cytokines, such as IL-1β, IL-6, and TNFα, and with increased NMDA-mediated NO transmission, with consequent alteration of the motor function.^[@bibr337-1178646920928984],[@bibr339-1178646920928984]^ In rats treated with TNBS to induce colitis, administration of kynurenic acid and SZR-72, a centrally-acting kynurenic acid analogue, reduced nitrosative stress, IL-6, and TNFα production and ameliorated the motility patterns suggesting the involvement of both peripheral and central NMDA receptor pathways.^[@bibr340-1178646920928984]^ Overall, these data indicate that modulation of the glycine site associated with NMDA receptors with kynurenic acid may represent a promising therapeutic approach to treat neuromuscular dysfunctions associated with IBD.

Recent studies suggest that the AhR has a protective role during intestinal inflammation.^[@bibr58-1178646920928984]^ In a humanized murine model whereby human CD4^+^ T-cells drive colitis on exposure to TNBS, activation of AhR ameliorated colitis-induced Treg cells, thus promoting oral immune tolerance.^[@bibr341-1178646920928984]^ Downregulation of AhR has been demonstrated both in animal models of colitis and in intestinal tissue of IBD patients.^[@bibr342-1178646920928984],[@bibr343-1178646920928984]^ In this latter study, pharmacological manipulation of AhR on mononuclear cells isolated from the intestinal mucosa reduced the expression levels of the pro-inflammatory cytokine, IFNγ, and upregulated IL-22.^[@bibr342-1178646920928984]^ Changes in serum and faecal levels of several AhR ligands were also observed both in preclinical models of colitis and in IBD patients.^[@bibr10-1178646920928984],[@bibr58-1178646920928984]^ In a caspase recruitment domain-containing protein 9 (Card9) knockout mouse model of DSS-induced colitis, the dysbiotic microbiota could not catalyse tryptophan into IAA, leading to reduced IL-22 and higher susceptibility to inflammation.^[@bibr344-1178646920928984]^ Selective depletion of IPA was demonstrated by means of a metabolomic profiling approach in circulating serum from patients with active colitis with respect to healthy subjects.^[@bibr345-1178646920928984]^ Isolated intestinal epithelial cells exposed to indole metabolites overexpressed the IL-10 receptor ligand-binding subunit (IL-10R1), which attenuates excessive production of pro-inflammatory mediators in ECs during inflammation.^[@bibr345-1178646920928984]^ Moreover, oral administration of both indole and IPA significantly ameliorated colitis in chemically induced inflammation in mouse small and large intestine.^[@bibr345-1178646920928984],[@bibr346-1178646920928984]^ Strains of *Lactobacillus* with AhR activating ability reduced the severity of DSS-induced colitis.^[@bibr344-1178646920928984],[@bibr347-1178646920928984]^ Indole acrylic acid produced by *Peptostreptococcus spp.* reduced the susceptibility to colitis by improving goblet cell differentiation and reducing inflammatory signals.^[@bibr139-1178646920928984]^ The observation that a bacterium with mucin- and tryptophan-metabolizing abilities may ameliorate epithelial integrity led the A32wuthors to identify a reduced abundance of phenyllactate gene cluster in ulcerative colitis by metagenomic analysis.

The relevance of 5-HT in the pathogenesis of IBD is less clear-cut defined. 5-HT serum levels were found to vary, although with different results, either enhancing or decreasing in dependence of whether the amine levels were measured in CD or UC patients, respectively.^[@bibr260-1178646920928984]^ In TNBS and DSS experimental models of colitis, enhancement of mucosal 5-HT content was observed.^[@bibr348-1178646920928984],[@bibr349-1178646920928984]^ In TPH1^−/−^ mice, the severity of chemically induced colitis was reduced with respect to the corresponding wild type, and restoration of 5-HT levels by administration of a 5-HT precursor intensified the severity of colitis.^[@bibr350-1178646920928984]^ In addition, in transgenic mouse models, the severity of spontaneous colitis associated with IL-10 deficiency increased when coupled with 5-HT reuptake transporter (SERT) knockout inducing increased 5-HT levels.^[@bibr351-1178646920928984],[@bibr352-1178646920928984]^ Consistent with the existence of a bidirectional communication system between the microbiota and the host, in a recent study microbial transfer from *Tph1*^-/-^ to either *Tph1*^+/-^ littermates, displaying different microbial composition, or to GF mice had protective effects on DSS-induced colitis injury, suggesting that gut-derived 5-HT has a role in shaping gut microbiota composition in relation to predisposition to colitis.^[@bibr353-1178646920928984]^

Overall, these observations suggest that tryptophan metabolism underlays IBD pathogenesis. Alterations in the saprophytic microflora may contribute to disease development, either by influencing AhR ligand levels or by modulating the host IDO and TPH1 activity. In this view, manipulation of tryptophan metabolism either via conventional pharmacological approaches or by administration of pre- and probiotics targeting tryptophan metabolite-producing bacteria may represent promising novel therapeutic approaches in IBD patients.

### Kynurenine pathways and IBD-associated psychiatric disturbances {#section18-1178646920928984}

In IBD patients, stress-related disorders, such as major depression and generalized anxiety, are common symptoms which influence the outcome of disease treatment and may be correlated with changes in the gut microbiota composition and function.^[@bibr12-1178646920928984],[@bibr354-1178646920928984]^ Anxiety-like behaviours have been also demonstrated in murine models of colitis^[@bibr355-1178646920928984],[@bibr356-1178646920928984]^ ([Table 2](#table2-1178646920928984){ref-type="table"}). In mice treated with the non-invasive parasite, *Trichuris muris* to induce an experimental colitis, psychological disturbances were associated with enhancement of circulating kynurenine levels and enhanced kynurenine/tryptophan ratio.^[@bibr357-1178646920928984]^ Interestingly, administration of current therapeutic anti-inflammatory agents for IBD, such as etanercept and budesonide, to mice reduced kynurenine levels and normalized behaviour.^[@bibr357-1178646920928984]^ An unbalanced kynurenine/tryptophan ratio and diversions of tryptophan metabolism from 5-HT synthesis to kynurenine and its downstream metabolites may underlie psychological syndromes in IBD.^[@bibr1-1178646920928984],[@bibr9-1178646920928984]^ Indeed, changes of 5-HT homeostasis may underlay mood disorders in IBD patients.^[@bibr49-1178646920928984],[@bibr102-1178646920928984]^ During gut inflammation, kynurenine translocation in the brain, through the BBB, is favoured by the enhanced circulating levels. In the CNS, the amine is transformed into its metabolites, principally kynurenic acid and quinolinic acid.^[@bibr102-1178646920928984]^ Quinolinic, as a neurotoxic NMDA agonist, has been suggested to participate to depression development.^[@bibr49-1178646920928984]^ Data from clinical investigations suggest that kynurenic acid/quinolinic acid ratio may represent an index of neuroprotection, and a reduced ratio may be indicative of inflammation-induced depressive disorders.^[@bibr358-1178646920928984]^ Overall, these observations suggest that modulation of tryptophan metabolism may represent a unifying mechanism linking inflammation-induced depression and dysbiosis along the microbiota-gut-brain axis.^[@bibr49-1178646920928984]^

Conclusions {#section19-1178646920928984}
===========

The gut microbiota has an elevated capability to adapt to changes in the host life-style (determined by diet, drugs, social, ethnic and environmental factors) and our behaviour may deeply influence this symbiotic organ. Conversely, microbes inhabiting our body may interfere with the host gut and brain functions by releasing bioactive molecules, via humoral, endocrine, immune, and neuronal pathways. In the present dissertation, we have shown that tryptophan metabolites have a central role in the regulation of this bidirectional microbiota-gut-brain axis in both physiological and pathological conditions. In particular, an increasing number of studies suggest that 5-HT, kynurenine, and AhR ligand pathways are involved in the pathogenesis of 2 major gastrointestinal diseases such as IBS and IBD, both characterized by psychiatric disorders. As tryptophan metabolites are directly or indirectly controlled by the gut microbiota, this opens the intriguing perspective that modulation of tryptophan metabolism, either by conventional pharmacological tools or by influencing the microbiota composition with pre- or probiotics, may represent a useful therapeutic approach. However, caution must be taken when considering the relationship between tryptophan metabolites with the host health, as the majority of studies in this field, at the moment, have been carried out on preclinical mouse models. Therefore, a more comprehensive understanding of the pathophysiological dynamics involving tryptophan metabolism and their functional implications in IBS and IBD involves the conduction of large-scale, highly controlled clinical studies. Furthermore, a promising strategy will be to combine different methodological approaches of metabolomics, metagenomics, metatranscriptomics, and proteomics to identify bacteria and bacterial genes involved in the modulation of tryptophan metabolite signalling and to verify their potential efficacy as adjuvant in the therapy of IBD and IBS and the related gut-brain axis disorders.
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